Visual self-face and proprioceptive postural recognition predominantly activate the right inferior frontoparietal cortices in human right-handers at the population level. In the present study, prompted by the finding that left-handedness may alter lateralized cortical organization for language, sensory-motor, and cognitive functions observed in right-handers, we investigated individual variations in right-dominant use of the cortices in 50 right-handers and 50 left-handers during self-body recognition (self-face and proprioceptive) tasks. We also investigated possible between-tasks differences in this right-dominant use, and possible atypical left-right reversed lateralization (right-dominance for language and left-dominance for self-body recognition) in lefthanders. We measured brain activity using functional magnetic resonance imaging while participants performed a proprioceptive postural recognition task (experiencing illusory movements of the left and the right hands), a visual self-face recognition (self-other distinction) task, and a language (verb generation) task. To evaluate hemispheric dominance, we computed individual lateralization indices for the inferior frontoparietal activities in these tasks. Left-handedness altered the right-hemispheric dominance that was observed in the majority of righthanded participants in both self-body recognition tasks. In the left-handed group, during proprioceptive recognition, participants with right-lateralization, bilaterality, or left-lateralization were equally distributed, and during self-face recognition, right-lateralization was still observed, though the number of participants who demonstrated left-lateralization increased. Atypical left-right reversed lateralization was only observed in left-handed participants, but during both self-body recognition tasks. The present study provides novel and valuable knowledge about right-hemispheric dominance in self-body recognition affected by left-handedness. We discuss how functional lateralization of self-body recognition is shaped in human brain, in terms of handedness, language lateralization, and development. Ó 2019 The Author(s). Published by Elsevier Ltd on behalf of IBRO. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
INTRODUCTION 13
The human cerebral cortex is composed of two distinct 14 (left and right) hemispheres, each of which may exhibit 15 bilateral asymmetry in structure and/or function. The 16 typical example of this phenomenon is language 17 lateralization to the left, or ''dominant," hemisphere 18 (Springer et al., 1999; Catani et al., 2007; Hickok and 19 Poeppel, 2007; Willems et al., 2014) . The right hemi-20 sphere has been considered the ''non-dominant" hemi-21 sphere, and its lateralized functions are not fully 22 understood. 23 One of the functions assigned to the right hemisphere 24 is self-body recognition. For example, brain damage to 25 the right hemisphere that includes inferior frontoparietal tion) tasks (Cai et al., 2013) . 145 In the present study, we measured brain activity 146 (blood oxygenation level-dependent [BOLD] signals) 147 using functional magnetic resonance imaging (fMRI) 148 while 50 right-handed and 50 left-handed healthy adults 149 (18-23 years) performed a proprioceptive postural 150 recognition task (experiencing illusory movements of the 151 left and the right hand), a visual self-face recognition 152 (self-other distinction) task, and a language (verb 153 generation) task. To evaluate hemispheric dominance, 154 we adopted two complementary approaches. First, to 155 evaluate hemispheric dominance at the population level 156 in each (right-handed, left-handed) group, we performed voxel-wise comparisons between original and left-right 158 flipped images (flip analysis) for each task in the right- 159 handed and left-handed groups separately. Second, we 160 calculated the lateralization index (LI) using the inferior 161 frontoparietal cortices (cytoarchitectonic areas 44, PF, 162 and its neighboring regions) as the region of interest 163 (ROI), defined with cytoarchitectonic probability maps 164 (Eickhoff et al., 2005) . The LI has commonly been used 165 to describe the asymmetry of functional activation in func- 166 tional neuroimaging studies (Balsamo et al., 2002;  167 Szaflarski et al., 2006; Holland et al., 2007; Everts 168 et al., 2009; Morita et al., 2018) . We calculated the LI 169 for each participant and used it to determine the propor-170 tion of participants showing right-lateralization, bilaterality, 171 or left-lateralization (Wilke et al., 2006 (Wilke et al., , 2007 participants had normal or corrected-to-normal vision. 185 The participants' handedness was confirmed using the 186 Edinburgh Handedness Inventory (Oldfield, 1971) . The 187 average handedness scores were 97.7 (ranging from 76 188 to 100) in the right-handed group and À86.3 (ranging from 189 À41 to À100) in the left-handed group. It is known that 190 about 10% of humans prefer to use their left hand for 191 manual actions (Willems et al., 2014) , and the probability 192 of left-handedness is generally higher in males than in 193 females (Papadatou-Pastou et al., 2008) . We therefore 194 first recruited the left-handed participants and then the 195 right-handed participants, to try to match the male-to-196 female ratio between the two groups. In the selection of 197 left-handed participants, we recruited those whose hand-198 edness scores were less than À40 from local universities 199 without performing screening using a visual half-field task 200 ( Van der Haegen et al., 2011) . 201 The protocol used for this study was approved by the 202 ethics committee of the National Institute of Information 203 and Communications Technology. We explained the 204 details of the study to the participants before the start of 205 the experiment. All participants provided written 206 informed consent. We also obtained written informed 207 consent from the legal guardians of the participants 208 aged under 20. The experiment was carried out 209 following the principles and guidelines of the Declaration 210 of Helsinki (1975) . 211 Tasks 212 We used a proprioceptive postural recognition (illusion) 213 task, a self-face recognition task, and a verb generation 214 task. The task order was counterbalanced across 215 participants. Before the fMRI experiment, every 216 participant was familiarized with the tasks outside the 217 scanner before they entered the MR room. During the 218 experiment, each participant's head was immobilized 219 using sponge cushions inside the scanner, and their 220 ears were plugged. We asked participants to relax their 221 entire body, to not produce unnecessary movements, 222 and to only think of things relevant to the current task. 223 During the self-face recognition and verb generation 224 tasks, the participants viewed visual stimuli via a mirror 225 fixed to the scanner head coil. 226 Proprioceptive postural recognition (illusion) task. In 227 this task, we vibrated the tendon of the extensor carpi 228 ulnaris muscle of either the left or the right relaxed wrist. 229 The vibration elicits an illusory flexion of the stationary 230 hand (Naito et al., 2016) , because it excites the muscle 231 spindle afferent fibers (Goodwin et al., 1972; Roll and 232 Vedel, 1982; Roll et al., 1989) , and the brain receives 233 and processes the proprioceptive (kinesthetic) inputs. 234 Thus, during the tendon vibration, participants experience 235 a vivid sensation of their vibrated hand moving (i.e., 236 changing its wrist angle). During the vibration, participants 237 closed their eyes and relaxed their hands. Both arms of 238 the participants were naturally semipronated and 239 extended along their body. On the vibrated side, the fore-240 arm was supported by a cushion. The vibrated hand was 241 relaxed and naturally flexed without touching anything. 242 The picture of this experimental setting has been shown 243 elsewhere (Naito et al., 2002) . 244 We considered the possibility that proprioceptive 245 illusions of the dominant and non-dominant hand could 246 have different effects on the right inferior frontoparietal 247 activity depending on handedness (see more in the 248 Discussion). Hence, in the present study, we vibrated 249 both the right and the left wrists in both right-and left-250 handers, and pooled the data for the fMRI analysis. 251 Each participant completed two experimental runs of 252 the illusion task for each of their hands. Self-face recognition task. We used a typical self-334 recognition task, which was identical to that used in our 335 previous studies (Morita et al., 2017 (Morita et al., ,2018 Verb generation task. All participants also performed a 431 verb generation task, similar to that used in previous fMRI 432 experiments (Benson et al., 1999; Holland et al., 2001) . 433 We used this task as a typical task that can consistently 434 determine left-lateralized language function, from child-435 hood to adulthood, using the LI (e.g., Holland et al., 436 2007; Balsamo et al., 2002; Szaflarski et al., 2006 Szaflarski et al., , 2012 realigned to the first image and then to the mean image. 516 We applied slice-timing corrections to adjust for 517 differences in slice-acquisition times for the images from 518 the self-face recognition task. We interpolated and re-519 sampled the data so that slices were acquired at the 
548
The design matrix for the self-face task contained two 549 task-related regressors for the Self and Others trials, as 550 well as one regressor for button pressing. The six 551 realignment parameters were also included in the 552 design matrix as regressors of no interest. We 553 generated a contrast image to examine brain regions 554 that show self-face-related activity (Self vs. Others) for 555 each participant. In this contrast, the effect of motor 556 preparation should be eliminated, because the 557 participants had to consistently prepare the button press 558 during both Self and Others trials. 559 In the verb generation (language) task, the design Analysis of the lateralization index (LI). In order to 617 evaluate the hemispheric dominance of the task-related 618 activity in each participant, we calculated the LI using an 619 individual task-related contrast image (see above) for 620 each task, which has been commonly used in many 621 functional neuroimaging studies (see Introduction). We 622 used a method implemented in the SPM LI toolbox, 623 which was introduced by Wilke and Schmithorst (2006) 624 and Wilke and Lidzba (2007) . We also used this method 625 in our previous study (Morita et al., 2018) , where the detailed methods have been described. This approach 627 allowed us to compute the degree of hemispheric lateral-628 ization in a task for each individual, by employing a boot-629 strapping approach that avoids the most serious concern 630 of fixed-thresholding effects (Seghier, 2008) . In the pre-631 sent LI analysis, we adopted an anatomically specific 632 approach (Wilke and Lidzba, 2007) Post hoc analysis (path analysis) 714 We found notable relationships between participants' 715 handedness and the lateralization of language, 716 proprioceptive, and self-face recognition, as well as 717 between language lateralization and the lateralization of (areas 7PC and 7A) and the 810 temporo-occipital cortex (Fig. 1A) . 811 We also Left-handed group Fig. 1 . Lateralized brain activity across the three tasks. Activity during proprioceptive (green), selfface (red), and language (blue) tasks is shown for the right-handed group (A) and for the left-handed group (B). Activity is superimposed on the left (L) and the right (R) hemispheres and horizontal sections (z = À16, 0, +16, +32 and + 48) of the MNI standard brain. Yellow regions indicate brain regions that showed lateralized activity during both the proprioceptive and the self-face recognition tasks. Such regions were only observed in the right-handed group (A), but not in the left-handed group, as there was no right-lateralized activity during the proprioceptive task in the latter (B). However, in the left-handed group, there was right-lateralized activity during the self-face task. Blue regions indicate brain regions that showed lateralized activity during the language task. In the cerebral cortex, such regions were only identified in the left hemisphere, and no overlapping was thus observed with the lateralized activity during both self-body recognition tasks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) participants was 0.44 ± 0.28 and 0.07 ± 0.48 in the 858 right-handed and the left-handed groups, respectively. 859 Hence, the mean LI in the left-handed group did not 860 reach our criterion of right-lateralization (LI = 0.2), and 861 a one-sample t-test showed that the mean LI in the 862 right-handed group was significantly greater than the 863 criterion (t(49) = 6.04, p < 0.001, Cohen's d = 0.86).
864
These results seem to correspond well with those from 865 the flip analysis, that is, significant right-dominant 866 inferior frontoparietal illusion-related activity observed 867 only in the right-handed group (Fig. 1) . 868 In the self-face task, the mean LI for self-face-related 869 activity was 0.63 ± 0.32 and 0.40 ± 0.46 in the right- in both groups (Fig. 1 ). and with the present results from the flip analysis 913 (Fig. 1A) . The number of participants with left-914 lateralization (1) was significantly smaller than the 915 number with bilaterality (10: p < 0.05), suggesting that 916 left-lateralization is rare in right-handed participants 917 (Table 1) . 918 When we performed the same analysis for the left-919 handed participants, we found no significant difference 920 in the number of participants across the three 921 categories ( ipsilateral to their ''dominant" hand (Table 1) . 944 In the self-face task, when we computed individual LIs 945 for the self-face-related activity in the ROI in each group, 946 we found that the number of participants who showed 947 right-lateralization differed between the right-handed and 948 left-handed groups. The results are summarized in 949 The gray zone corresponds to À0.2 < LI < 0.2, indicating hemispheric non-dominance (bilaterality). B: Relationship between LIs from the proprioceptive (horizontal axis) and self-face task (vertical axis). A greater number of left-handed participants than right-handed participants showed left-lateralization in both self-body recognition tasks. Compared with the self-face task, a greater number of participants showed bilaterality during the proprioceptive task. C: Relationship between LIs from the proprioceptive (horizontal axis) and language task (vertical axis). D: Relationship between LIs from the self-face (horizontal axis) and language task (vertical axis). All seven left-handed participants who showed right-lateralization during the language task showed left-lateralization during the self-face task.
there was a shift in the dominant hemisphere from the When we computed individual LIs for the language-1109 related activity in the ROIs in each group, we found that 1110 the number of participants with left-and right-1111 lateralization differed between the right-handed and left-1112 handed groups. The results are summarized in Table 1   1113 and Fig. 2 . 1114 In the right-handed group, the proportion of individual LIs in the language and self-face tasks.
1193 Table 4 presents conducted a path analysis. Fig. 3 shows our model, 1236 whose validity has been confirmed (CFI = 0.992, 1237 GFI = 0.992, adjusted GFI = 0.922, RMSEA = 0.076).
1238
In this model, the handedness score had a significant 1239 negative effect on language LI (a = À0.33, p < 0.001), 1240 indicating that right handedness may cause the left 1241 lateralization of language vice versa. We also found that 1242 the language LI had significant negative effects on both 1243 the proprioceptive LI and the self-face LI (a = À0.23, Another novel discovery in the flip analysis is the right-1292 side dominant activity in the temporo-occipital and the 1293 inferior temporal cortices during the proprioceptive 1294 recognition task in the right-handed group (Fig. 1A) . 1295 While we know that these cortices show right-side In the flip analysis, we replicated the right-side dominant 1313 inferior frontoparietal activity at the population level in 1314 the right-handed participants (Fig. 1A) , Language LI Handedness score Fig. 3 . Results of the path analysis. Proposed model based on the present findings that can explain how handedness influences lateralization of each self-body recognition function. Each path has a standard path coefficient. Rectangles represent measured variables. Paths with significant coefficients are indicated by bold lines and those with non-significant coefficients by dotted lines. The handedness score has an indirect influence on each self-body (proprioceptive and self-face) lateralization index (LI) via the language LI. In addition, the handedness score has a direct influence on the proprioceptive LI but not the self-face LI. The significant negative influence of the language LI on both self-body LIs suggests that language lateralization can be a determinant of the lateralization of both types of self-body recognition in opposite hemispheres. The asterisks indicate statistical significance (*, p < 0.05; ***, p < 0.001).
variations in the right-lateralized use of the inferior fron-1320 toparietal cortices for proprioceptive recognition (Table 1) . 1321 Namely, in the right-handed group, despite the signifi-1322 cantly greater number of participants with right-1323 lateralization, a non-negligible number (20%) of partici-1324 pants showed bilaterality (Table 1 ). In addition, in the 1325 left-handed group, participants with right-lateralization, 1326 bilaterality, or left-lateralization were equally distributed 1327 ( (Fig. 4) . 1342 In the right-handed group, a non-negligible number 1343 (20%) of participants showed bilateral use of the inferior 1344 frontoparietal cortices during proprioceptive recognition, 1345 which was not observed during self-face recognition 1346 (Table 1) . We may conjecture that, during the consistently observed in both the right-handed and the 1376 left-handed group (Fig. 1 ). In addition, in both groups, 1377 bilateral use of the inferior frontoparietal cortices was 1378 rare during self-face recognition ( Introduction and Morita et al., 2018) . Based on these 1387 findings, we may assume that impairments of self-face 1388 recognition are more likely to be caused by right-1389 hemispheric damage (Feinberg and Shapiro, 1982; 1390 Spangenberg et al., 1998 Feinberg, 2000; Breen et al., functional roles of this activity are still unresolved (see 1401 more in Naito et al., 2016; 2017) . However, it has repeat-1402 edly been shown that the human right SLF III has greater 1403 volume than the left SLF III in adult right-handers 1404 (Thiebaut de Schotten et al., 2011; Budisavljevic et al., 1405 Budisavljevic et al., 2017 Howells et al., 2018) , which appears to be specific 1406 to humans (Hecht et al., 2015) . 1407 Recently, it has been demonstrated that this tract 1408 asymmetry, that is, greater right than left SLF III 1409 volume, is also observed in left-handers, and this 1410 structural asymmetry has been found to be even more (Table 1) . Interestingly, all of these 1433 participants showed left-lateralization for self-face 1434 recognition (Table 4) , and four of them also showed left-1435 lateralization for proprioceptive recognition ( 
Self-face
Proprioception L R R 44 Fig. 5 . Active brain regions in participants who showed atypical left-lateralization and bilaterality during the proprioceptive task. We tested if we could observe common recruitment of the right inferior frontoparietal cortices for self-face and proprioceptive recognition even in 39 participants with atypical lateralization patterns during the proprioceptive task. We performed a conjunction analysis (Price and Friston, 1997) to identify brain regions commonly activated during both self-body recognition tasks. We used a FWE-corrected extent threshold of p < 0.05 for a voxel-cluster image with a clusterdefining height threshold of p < 0.001 (uncorrected). The right inferior frontal cortex (area 44) including the ventrolateral aspect of the middle frontal gyrus was commonly activated during both the self-face and the proprioception task, even in these atypical participants, in addition to the right basal ganglia (Naito et al. 2005; , the left cerebellar hemisphere (Lobule VIIb), and the left insular cortex. Activity is shown during the proprioception (green) and the self-face task (red). Yellow regions indicate brain regions active in both tasks by the conjunction analysis. For an anatomical identification of peaks, we only considered cytoarchitectonic areas available in the Anatomy toolbox that had >30% probability. The cytoarchitectonic area with the highest probability was reported for each peak. When no cytoarchitectonic area with >30% probability was available to determine a peak, we provided the anatomical location of the peak. In each cluster, we reported peaks that were more than 8 mm apart in the descending T-value order. To facilitate visualization, we avoided reporting a peak for each cluster when it was identified in the cytoarchitectonic area or anatomical structure already reported for a peak with a higher T-value. Uncorrected height threshold, p < 0.001; extent threshold, p < 0.05, family-wise error rate (FWE) corrected in the entire brain, size = number of active voxels. Abbreviation: IFG, inferior frontal gyrus. 
